Herringbone-grooved hydrodynamic bearings are now being applied to hard disk drive (HDD) spindle motors instead of ball bearings for demand for HDDs with larger storage capacities, faster access times, and reduced sizes. A clear understanding of the vibration characteristics of HDD spindle systems supported by hydrodynamic bearings is needed for the industry to achieve significantly better run-out characteristics. Such HDD spindles are well known to exhibit vibration mainly in rocking mode. From these backgrounds, the resonance vibration characteristics of HDD spindle systems with hydrodynamic bearings were investigated focusing on the rocking resonance mode of the spindles in this paper. To express the resonance vibration, a lumped mass model comprising five main components was used for the study. A comparison of the theoretical results with ones obtained experimentally demonstrated its validity, and each effect of springs and dampers connecting the lumped masses to frequency response of the spindle systems was comprehensively discussed.
Introduction
Hard disk drives (HDDs) have been incorporated into a wide variety of electronic devices, such as PCs, digital audio players, and car navigation systems. From the industrial needs, demand has been growing for HDDs with larger storage capacities, faster access times, and reduced sizes. The storage capacities of 3.5-and 2.5-inch HDDs have reached 500 and 160 GB, respectively, and even 1.0-inch drives have a storage capacity of up to 10 GB. In the near future, drives with a TB (=1e12) capacity will appear in the market.
The storage capacity depends directly on the areal recording density of the disks. The density has been increasing 160-200 % a year as the development of magneto resistive and giant magneto resistive heads advances. This rapid advance in density is due to improvements not only in media and head performance but also in the rotational accuracy of the spindle motors. Moreover, the rotational speed has also increased, and some spindle motors now have a speed of over 10,000 rpm.
Ball bearings have been conventionally used for spindle motors in most HDDs. However, ball bearings can easily cause a large non-repeatable run-out (NRRO) value at high rotational speeds. The NRRO must be reduced in HDD systems because it results in tracking errors. In addition, ball bearings produce noise at high rotational speeds. Hence, herringbone-grooved hydrodynamic bearings are now being applied to spindle motors instead of ball bearings (1) - (4) .
The amplitude of the NRRO in HDD spindle systems supported by hydrodynamic bearings is required to be less than 10 nm. To meet this severe requirement, the industry needs to understand thoroughly the vibration characteristics of spindle systems with hydrodynamic bearings (5) . Such HDD spindles are well known to exhibit mainly three resonance vibration modes: a '1st rocking mode', a '2nd rocking mode' and a 'translation mode'. The rocking modes are apparently caused by the conical whirling motion of the hydrodynamic bearing, while the translation mode is caused by the bearing's parallel whirling motion. A clarification of the motion with the theoretical approach is needed because the resonance frequencies of these modes, especially of the rocking modes, are comparatively low. Most investigations of the characteristics of hydrodynamic bearings in spindle motors have focused on the dynamic characteristics of individual journal or thrust bearings; they did not directly treat journal-thrust coupled bearing systems (6) , (7) . In addition, no reports have been made on the vibration characteristics of a complete HDD system consisting of a base, a sleeve, a bearing shaft, a hub and a disk with taking the dynamic characteristics of journal-thrust coupled hydrodynamic bearings into consideration. We theoretically investigated the vibration characteristics of HDD spindle systems supported by hydrodynamic bearings. A comparison of the theoretical results with ones obtained experimentally demonstrates its validity. We also discussed each effect of springs and dampers connecting the lumped masses to frequency response of spindle systems.
Theoretical Approach to Frequency Analysis of HDD Spindles

Analytical Model
A schematic diagram of a general HDD system with hydrodynamic bearings is shown in Figure 1 . The system comprises many components, making it difficult to analyze comprehensively the vibration characteristics of the overall system by treating the exact behaviors of all components. Thus, we developed a 'lumped mass model' comprising five main parts -base, sleeve, bearing shaft, hub, and disk -and springs and dampers between these parts. The model is shown in Figure 2 . As mentioned earlier, HDD systems supported by hydrodynamic bearings mainly exhibit three resonance vibration modes. Figure 3 shows an illustration of each of them with our lumped mass model. The vibrations in rocking modes can easily be observed in practical use because the resonance frequencies in these modes are lower than that in the translation mode. Thus, we theoretically analyzed the frequency characteristics of HDD systems supported by hydrodynamic bearings by focusing on the rocking vibration modes. 
Equation of Motion of Each Component
If each component of the HDD spindle is assumed to be a rotating (or non-rotating) rigid body, the equations of motions of each component can be written as follows. The subscripts S , B , H , and D correspond to the sleeve, bearing shaft, hub and disk, and φ represents the motion of the base. Γ , k , and b represent the angular displacement, angular stiffness and angular damping because we focus only on the rocking mode vibration in this study.
Sleeve: (1)- (3) correspond to the angular characteristics of the hydrodynamic bearings, whose values and solution method are described in the next section. The input for a frequency analysis is assumed to be the vibration of the base, while the output is assumed to be the angular amplitude of the disk in this system. We obtained the frequency characteristic -that is, the gain of the output amplitude against input one -by applying the harmonic balance method to these equations.
Theoretical Analysis of Hydrodynamic Bearings
We analyzed the angular characteristics of hydrodynamic bearings, [ ] c , by first calculating the pressure distribution in the bearing clearance using the Reynolds equation. Then, the angular stiffness ( ij k ψ ) and angular damping coefficient ( ij c ψ ) of the bearing were obtained by circumferentially integrating the pressure distribution with a differential angular eccentricity and a differential angular velocity, respectively. The details of the solution method and the obtained values are described here in this section.
Physical Model
The physical model of the hydrodynamic bearing we analyzed is shown in Figure 4 . The bearing has two spiral-grooved journal bearings and one thrust plate with spiral grooves in its upper and lower faces. The schematic view shows some springs and some dampers that are virtually drawn for easy imaging, though they do not exist in reality. The specifications of the subject in the study are shown in Table 1 . They are in reference to the real products of hydrodynamic bearings in general 3.5-inch HDD spindles. We assume, on the basis of actual cases, that the non-grooved member rotates in the journal bearings, while the grooved members rotate in the thrust bearings. 
Solution Method
We made two assumptions in our theoretical analysis.
• Narrow groove theory (8) can be used to analyze spiral-grooved regions.
• The bearing clearance is completely filled with an incompressible fluid. Using the coordinate system shown in Figure 4 , we describe the Reynolds equations for the steady state: Journal bearings: In the equations, s λ and g λ are the bearing numbers, which are proportional to the angular velocities. They are defined as: We applied a divergence formulation method to the theoretical approach to obtain the discretized Reynolds equations. We calculated the angular stiffness and angular damping coefficient of the bearing, which are important factors in overall HDD vibration performance, by circumferentially integrating the pressure distribution with the differential angular eccentricity, ψ ∆ and the differential angular velocity, ψ ∆ ν , respectively: 23) where g z represents the momentum distance from the rotation center. Figure 5 shows the angular stiffnesses and angular damping coefficients calculated using the described method. We set the pivot for the tilting state as the gravity point of the bearing shaft in this study. The horizontal axis corresponds to dimensionless angular eccentricity, which is the ratio of the tilting angle against the maximum angle.
Angular Stiffness and Angular Damping Coefficient
As shown in Figure 5 , the angular stiffness and angular damping coefficient mostly increased as the dimensionless angular eccentricity increased. The upward trends in both values are quite similar to those of the bearing stiffness and the damping coefficient in parallel displacement (7) . We obtained the quantitative trends of angular stiffness and angular damping coefficient using this calculation process. 
Frequency Analysis of Total HDD Spindle Systems
We used the experimental setup for the vibration test illustrated in Figure 6 to determine the vibration characteristics of actual 3.5 inch-HDD spindle systems. The base was vibrated at various frequencies, and the amplitude of the disk face oscillation was measured with a sensor. The rotational speed of the HDD spindle motor was kept at a constant 7,200 rpm. The results are shown in Figure 7 along with the theoretical results with the lumped mass model described in Section 2. The horizontal axis corresponds to the dimensionless angular amplitude, which is the ratio of the amplitude of tilting angle against the maximum angle. The theoretical results were calculated using the specifications listed in Table 2 . The angular spring constant between the base and sleeve ( S k ), the angular spring constant between the bearing shaft and hub ( H k ), and the angular spring constant between the disk and hub ( D k ) were estimated using the strain amount under a static load; the ψ k and ψ c were taken from Figure 5 . As mentioned earlier, the damping coefficients between all components except the hydrodynamic bearing were set to be 0 because it is negligible. Figure 7 shows that, when the rotational speed was 0 rpm, the resonance frequency of the 1st rocking mode was about 490 Hz, and that of the 2nd rocking mode was about 2,330 Hz. When the rotational speed was 7200 rpm, the frequencies of the 1st and 2nd rocking modes were about 390 and 620 Hz, and 2,270 and 2,460 Hz, respectively. These double peaks were introduced by precession of each rotational component. The other sharp peaks in the figure's experimental results correspond to the undamped natural frequency of the disk itself, which was not taken into consideration in the theoretical model. The vibration characteristics obtained experimentally agree well with the theoretical results, demonstrating the validity of the theoretical model consisting of five lumped components. Spindle supported by hydrodynamic bearings moment of the bearing part is smaller than that of the other parts, the effect of the bearing characteristics on the resonance frequency is small. However, the bearing is the only damping element in the system, and it has unique spring characteristics caused by the presence of cross-coupled stiffness ( yx k ψ ). Therefore, even though the bearing characteristics do not affect the resonance frequency directly, they do affect the gain of the frequency response sensitively.
To discuss the effect of the design of hydrodynamic bearing part to the gain profiles, we calculated them changing the journal bearing clearance at first because the angular characteristics largely depend on bearing clearance. The theoretical gain profiles are shown in Figure 8 , where the journal bearing clearance is changed from ×0.5 to ×2.0. In the figure, the each dimensionless angular amplitude is represented with being multiplied by n 10 for easy reading. As shown in Figure 8 , reducing the bearing clearance did not always improve vibration performance because the bearing stiffness, which is more sensitive than the damping coefficient at lower frequencies, became larger. This means that there exists the optimum value of bearing clearance for best vibration characteristics.
Secondly, we examined the effect of changing the upper and lower journal bearing groove lengths because the angular characteristics also depend on bearing groove lengths. As shown in Figure 9 , where the each dimensionless angular amplitude is represented with being multiplied by n 10 for easy reading, the frequency response becomes weaker near the 1st rocking mode frequency as the ratio of the upper bearing length to the lower bearing length becomes smaller. This is because inertia moment of the disk is the largest in the subject and thus higher angular stiffness is required in the lower bearing to support the upper mass, which is most sensitive to response of the 1st rocking mode. 
Conclusion
We investigated the vibration characteristics of a complete HDD spindle system with hydrodynamic bearings using a lumped mass model comprising five parts. The conclusions of this paper are as follows:
• The angular characteristics of journal-thrust hydrodynamic bearings were calculated using a divergence formulation method. The angular stiffness and angular damping coefficient tend to increase as the dimensionless tilting angle increases, which is a trend similar to that of the bearing stiffness and the damping coefficient in parallel displacement.
• The lumped mass model for a complete HDD spindle system produced reasonable estimates of the resonance frequencies for the 1st and 2nd rocking modes. The validity of this theoretical approach was demonstrated in a comparison of the model results with the experimental results.
•
The resonance frequencies of an HDD spindle system mainly depend on the angular spring constant between the shaft and hub and that between the hub and disk. The angular characteristics of the bearings affect the frequency response gain sensitively.
